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Experimental Observations of Settlement of Footings
Supported on Soft Clay Reinforced with Granular
Columns: Laboratory Model Study
D. K. Noor Muneerah PG Haji Jeludin1; V. Sivakumar2; B. C. O’Kelly3; and P. A. Mackinnon4
Abstract: The inclusion of granular columns in soft clay deposits leads to improvements in bearing capacity and overall stiffness, along with
a reduction in consolidation settlement. Many laboratory investigations have focused on aspects of bearing capacity, but published data on
settlement performance are limited. This paper reports on some interesting findings obtained from a laboratory model study with respect to
these issues. In this investigation, 300 mm diameter by 400 mm long samples of soft kaolin clay were reinforced with single or multiple
granular columns of various lengths using the displacement and replacement installation methods. The experimental findings revealed
that, for the same area replacement ratio, limited settlement reduction was achieved for single long floating columns and end-bearing
column groups. Marginal improvements in settlement performance were also achieved for columns installed by the displacement method.
No settlement reduction was achieved for short single floating columns, whereas short floating granular column groups produced
increased settlements. These observations were verified using contact pressure measurements between the footing and column/surrounding
clay. DOI: 10.1061/(ASCE)GT.1943-5606.0001377. © 2015 American Society of Civil Engineers.
Author keywords: Footing/foundation; Ground improvement; Model test; Reinforced soil; Settlement; Soil structure interaction.
Introduction
The inclusion of granular columns in weak soil deposits leads to
improvements in bearing capacity and overall stiffness, along with
a reduction in consolidation settlement. For isolated footings sup-
ported on soft clay reinforced with granular columns, the overall
foundation performance is influenced by the area replacement ratio
As (i.e., ratio of columns’ cross-sectional area to footing area);
the stiffness, length, and center spacing of the columns; and the
strength of the surrounding soil (Black et al. 2011; McCabe et al.
2009; Ambily and Shailesh 2007; McKelvey et al. 2004; Muir
Wood et al. 2000; Raju 1997). For isolated footings, three modes
of failure are possible for granular columns: (1) punching failure on
account of insufficient shaft resistance [Fig. 1(a)]; (2) bulging fail-
ure, which usually occurs at the top part of columns [Fig. 1(b)]; and
(3) bending failure caused by nonuniform lateral pressures, often
prevailing under an isolated footing supported on multiple granular
columns [Fig. 1(c)] (Charles and Watts 1983; Hughes et al. 1975;
Watts et al. 2000). To aid discussion of the experimental observa-
tions from the present investigation, these failure modes are
further elucidated using information previously obtained by
McKelvey (2002). Using reduced-scale models, McKelvey (2002)
investigated the interaction between granular columns and the sur-
rounding clay, which was modeled using transparent oil-based
fumed silica. Columns were formed using sand that was dyed black
to make the columns contrast against the surrounding transparent
clay. Fig. 1(d) shows a digital image of a footing supported on short
floating columns upon termination of loading. The analysis, based
on a series of digital images taken during application of the foun-
dation loading, showed that the granular column tip penetrated
down into the supporting clay, suggesting end-bearing (punching)
failure, though the image also indicates that some degree of bulging
occurred near the column head. Fig. 1(e) shows a digital image taken
at the end of loading for an isolated footing supported on three long
floating columns. Essentially two different modes of failure oc-
curred: the middle column underwent bulging near the top, whereas
the outermost columns failed in bending as well as bulging. The
analysis indicated that the penetration of the column tips into the
supporting clay was not significant.
Existing information on the bearing capacity of clay beds with
granular column inclusions is ample. However, such information
is limited regarding settlement control. Cimentada et al. (2011)
reported experimental observations in relation to the stress transfer
mechanism and settlement and consolidation responses of a
composite material under widespread loading, but such information
is limited when the loading condition is isolated, e.g., pad founda-
tion supported on soft clay with granular column inclusions. The
focus of ongoing research efforts at Queen’s University Belfast,
U.K., has been to examine these particular aspects in detail. Exam-
ples include previously mentioned research by McKelvey (2002)
and McKelvey et al. (2004), which examined interactions between
granular columns and the surrounding soil using transparent clay.
An important consideration regarding some of the earlier investi-
gations reported in the literature is that, even though the loading
conditions were maintained undrained, the measured penetration
of the footing into the reinforced clay bed was reported as settle-
ment. For instance, tests were performed on model clay beds
with no control or measurement of the pore water pressure. The
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omission of pore pressure measurements limits the value of the
data, particularly if they are used for settlement predictions. Reli-
able prediction or measurement of settlement requires control
or measurement of the effective stress within the clay bed. This
is exactly what was done in the experimental study by Black et al.
(2011), who examined the settlement-reduction factor n (i.e., the
ratio between settlements for unreinforced and reinforced clay
beds) in relation to the area replacement ratio and column length.
(a)
(b)
(c)
Foundation loading
Foundation loading
Foundation loading
(d)
(e)
Fig. 1. Failure modes for floating granular columns: (a) punching (friction); (b) bulging; (c) bending and bulging; (d) punching (reprinted from
McKelvey 2002, with permission); (e) bulging and bending (reprinted from McKelvey 2002, with permission)
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Sivakumar et al. (2011) examined the stress distribution along a
single granular column subjected to foundation loading and con-
cluded that negative skin friction, a widely recognized phenomenon
for solid piles, also occurs for granular columns. Although Black
et al. (2011) reported some valuable information regarding the set-
tlement control achievable for foundations using granular columns,
it was acknowledged that the testing conditions employed were
such that the boundary condition for the clay bed surface away
from the model footing were modeled as rigid. However, this is
not realistic in practice, and the boundary conditions used in the
Black et al. (2011) investigation can lead to nonconservative mea-
surements of the settlement-reduction factor (under prediction of
settlement), which can be detrimental. This article reports some
experimental observations where this particular problem has been
addressed by using flexible boundary conditions away from the
model footing. In field applications, the boundary conditions away
from the footing can be reasonably considered flexible, unless
semirigid boundary conditions are imposed by subsequent con-
structions, such as, for example, floor slabs. Also discussed later
on in the present investigation, the lateral stress profile in the testing
sample was maintained constant through a flexible lateral boundary
condition, although the in situ lateral stress generally increases with
depth. The tests were performed under drained conditions, which
allowed the examination of the settlement performance of the clay
beds, with and without granular column inclusions of various
configurations.
Equipment, Sampling, Column Formation, and
Testing Program
Equipment Development
A large testing chamber, capable of testing samples 300 mm in
diameter by 400 mm long, was developed for the present research
(Fig. 2). Its main features included the following:
1. Independent application of the foundation loading, achieved
via an isolated 70 mm diameter footing located within a
90 mm diameter holder [Fig. 3(a)]. This gives a sample dia-
meter to footing diameter ratio of 4.3∶1 (ideally this should be
more than 5∶1 to avoid any boundary effects). A recessed filter
disk allowed sample drainage to occur. The footing load was
applied using a hydraulic loading device located outside of the
cell chamber.
2. A flexible boundary condition was achieved for the horizontal
clay bed surface away from the footing using a specially man-
ufactured rubber membrane [Fig. 3(b)]. The holder for the
70 mm diameter footing was located in its middle opening
Tie rod
Sample
Triaxial cell base
LVDT  1
400mm
Bottom drainage line Top drainage line
Cell pressure
Loading ram
20mm
LVDT  2
Flexible boundary away from footing 
(more details in Fig.3)
Isolated circular footing
(more details in Fig.3)
Hydraulic loading device
Columns 
Fig. 2. Testing chamber
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and sealed using O rings. The outer perimeter of this membrane
was sealed against a 300mmdiameter aluminum ring,withwall
thickness of 12 mm, again using O rings [Figs. 3(b and c)].
The location and verticality of the footing holder was main-
tained by attaching the holder to the outer ring using an alumi-
num cover plate. This plate was perforated so that the cavity
inside the unit could be filled with water, purging any air from
inside, during the apparatus assembly [Fig. 3(c)].
3. Measurement of contact pressures between the footing, sup-
porting soil, and granular columns was achieved using minia-
ture pressure cells (PCs) that were positioned at the locations
shown in Fig. 4. The experimental investigations (described
O ring
Filter
20mm 
Pressure cell
(18mm )
Drainage 
70mm 10mm
60mm
Flange
(a)
O ring
Cavity
M4 Screws
Aluminum plate     
Weep holes
Flexible membrane
300 mm 
(b)
(c)
Foundation loading
90mm 
Foundation
holder
Foundation  holder
Fig. 3. Footing and testing conditions away from footing: (a) foundation cap; (b) flexible boundary away from footing; (c) top cap arrangements
(a) (b)
Column 40mm 
Column 18mm 
Footing 70 mm 
PC2
PC2
PC3PC3
PC1
Clay enclosed by columns
PC1
Fig. 4. Footing, columns, and pressure cells: (a) single column; (b) multiple columns
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subsequently in the paper) considered single and multiple
granular-column configurations. For single-column arrange-
ments, the middle PC (PC1, 18 mm in diameter) was aligned
coaxially and in contact with the top of the granular column
[Fig. 4(a)]. For column groups (consisting of five columns),
the top of the middle column and one of the outer columns
were exposed to PCs, PC1 and PC2 respectively, with the third
PC (PC3) exposed to the clay surface [Fig. 4(b)]. The diameter
of PC2 and PC3 was 8 mm.
Sample Preparation
Fig. 5(a) shows the consolidation chamber used to produce cylin-
drical samples (clay beds), 300 mm in diameter by 400 mm long.
In preparing these samples, the chamber was filled to a depth of
700 mm with kaolin slurry, prepared at 1.5 times the Liquid Limit
(LL ¼ 70%). The slurrywas subjected to a vertical stress of 150 kPa,
with sample drainage allowed to occur via the chamber base. The
seal between the chamber’s inner sidewall and the loading cap
was achieved using an inflatable O ring (i.e., inner tube for a bicycle
tire) that fitted into a groove around the loading cap rim and that was
inflated to a pressure of 50 kPa greater than the applied chamber
pressure. Consolidation of the slurry sample took 3 weeks. The con-
solidated sample, which had a shear strength of approximately
25 kPa determined in unconsolidated–undrained triaxial compres-
sion, was extruded from the consolidation chamber using the pro-
cedure reported by Black et al. (2011). As shown in Fig. 5(b), the
consolidated sample was allowed to gradually slide downward onto
the basepedestal of the testing chamber,which hadbeenpositionedon
a lifting trolley located just below the base of the consolidated sample.
The trolley was lowered slowly, allowing the sample to be extruded
fully under gravity from the consolidation chamber. The sample was
then carefully trimmed to an overall length of 400 mm.
Column Installation
The area replacement ratio (As) is defined as the cross-sectional
area of a column to the footing area. This is a generic definition
and generally works well under widespread loading, such as raft
foundations. In the case of isolated footings, there are no alternative
terms for area replacement ratio; hence this generic term is used in
the present research without modification. Table 1 lists the tests
performed as part of this study. Two different column configura-
tions were investigated: a single 40 mm diameter column having
As ¼ 33% [Fig. 4(a)] and a group of five columns, each 18 mm
in diameter [Fig. 4(b)] but a similar area replacement ratio. Depend-
ing on the specific test, columnswere installed to depths of 200, 300,
or 400 mm in the 400 mm long clay beds, which represent L=D
(where L and D are the column length and diameter, respectively)
ratios for single-column setups of 5.0, 7.5, and 10.0, respectively,
and for the column groups of 11.1, 16.6, and 22.2, respectively.
For single granular column setups, both the replacement and
displacement methods of column installation were investigated.
For the replacement method, an auger was used to bore a
28 mm diameter pilot hole along the central axis of the sample.
This was followed by the gentle insertion of a thin-walled tube hav-
ing a shaped cutting edge 40 mm in diameter, which is the same as
(a)
Consolidation
chamber
Mobile table
Sampling table
Compressed 
sample 
Sampling cylinder
Tube pressure line
Tube
Loading cap
Consolidation pressure line
Tie bars
Tube pressure supply 
Drainage line
(b)
Fig. 5. Sample preparation method: (a) consolidation chamber; (b) extrusion of sample
Table 1. Testing Program
Footing
diameter (mm)
Column
diameter,
D (mm)
Column length,
L (mm)
Sample
number
70 0 0 TS07
0 0 (repeat) TS17
40 200 TS08
40 300 TS09
40 300 (repeat) TS11
40 400 TS10
40 400 (repeat) TS16
70 40 400 (displacement method) TS12
70 18 (5 no.)a 200 TS15
300 TS14
400 TS13
aSame area replacement ratio value as single 40 mm diameter column.
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that of the column diameter under investigation. The tube was pro-
filed such that its outer diameter reduced slightly along most of its
length to avoid friction between the clay bed and the intruding tube.
Spirit levels mounted on a 300 mm diameter by 100 mm high
wooden block attached to the top of the tube were used to help
maintain its vertical penetration. For multiple-column setups, an
18 mm diameter auger was used to bore the necessary holes, using
a wooden guide (template) placed above the clay bed surface to
locate the holes and maintain their verticality. The granular col-
umns were constructed in approximately 2 cm deep layers using
uniformly graded fine gravel (D10 ¼ 2.0 mm, D50 ¼ 2.8 mm),
with each layer compacted using a 0.25 kg hammer that was al-
lowed to fall freely five times through a drop height of 0.25 m.
The resulting bulk density of the granular columns was approxi-
mately 1,850 kg=m3. The same granular material was used in
the formation of both single and multiple columns. It is acknowl-
edged that for the latter, the ratio of column diameter (18 mm) to
effective grain size D50 may be somewhat small. The uniformity of
the kaolin sample (clay bed) produced using the consolidation
chamber is shown in Fig. 6(a). The roundness of the cavities formed
using the replacement method for single- and multiple-column set-
ups is demonstrated in Figs. 6(b and c). The verticality achieved for
a 400 mm long multiple-column setup is demonstrated in Fig. 6(d).
For the displacement method of column installation, a 40 mm
diameter poker (i.e., the same diameter as that of the granular
column under investigation) was pushed without vibration into
the clay bed, as shown in Fig. 7(a). The poker assembly was com-
prised of a hollow tube and centrally located rod with a cone attach-
ment held together by a locking pin. On reaching the required
penetration depth, the locking pin was removed, allowing the cone
attachment to be withdrawn and replaced by a compaction hammer.
The hollow tube was then withdrawn in stages and the granular
column constructed immediately in approximately 2 cm thick
layers [Fig. 7(b)], applying the same compactive energy as was
used in constructing the columns by the replacement method de-
scribed earlier. For both the displacement and replacement meth-
ods, the granular columns were infiltrated with de-aired water to
ensure no air remained in the constructed columns.
The testing chamber was assembled as shown in Fig. 2. Two
displacement transducers (LVDTs 1 and 2) allowed measurement
of the footing vertical displacement and settlement of the clay bed
surface at 55 mm from the column center. For the first stage of each
test, the cell pressure was increased to 50 kPa, against a back pres-
sure of 30 kPa applied via the top and bottom ends of the sample.
The cell pressure was increased in steps so as to ensure a saturation
parameter B value in excess of 0.95. When the cell pressure reached
300 kPa, the pore water pressure had generally increased to approx-
imately 280 kPa. The sample was then allowed to consolidate under
an effective isotropic pressure of 50 kPa, resulting from a cell pres-
sure of 300 kPa and back pressure of 250 kPa, i.e., vertical and
(a)
(d)
(b)
(c)
Fig. 6. Uniformity of sample and the quality of column formation: (a) variation in void ratio immediately after sampling; (b) preformed cavity for
replacement method; (c) preformed cavity for multiple columns; (d) alignment of columns (multiple columns of five)
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lateral effective pressures of 50 kPa. For the second stage of
each test, while maintaining the consolidation pressure at
50 kPa, the footing located at the middle of the flexible membrane
was loaded at a steady rate of 0.8 kPa=h, which was sufficiently
slow for a fully drained condition to develop throughout the
sample. This rate was determined using consolidation analysis,
assuming the coefficient of consolidation (cv) of kaolin was
3.5 m2=year.
The locations of the miniature PCs mounted flush with the
underside of the footing are shown in Fig. 4. These instruments
directly measured the contact pressure between the footing and
the underlying columns and the clay bed surface. Instrument
PC1 (18 mm in diameter) was located at the center of the footing.
PC2 and PC3 (each 8 mm in diameter) were located at a radial
distance of 22.5 mm. For single-column installations, the column
diameter was 40 mm; consequently, as shown in Fig. 4(a), cells
PC2 and PC3 were slightly exposed to the granular column. In this
case, interpretation of the data obtained from PC2 and PC3 was
more difficult as their responses would reflect pressure mobilized
on both the clay and granular column. To overcome this, the contact
pressure with the clay bed was back-calculated based on the pres-
sure measurements from PC1 (exposed to the granular column) and
the bearing pressure on the footing. The latter was determined as
the ratio between the applied footing load and the footing area. In
other words, bearing pressure implies the average pressure under
the footing. However, for multiple-column installations, the pres-
sure measurements from PC1 (middle column), PC2 (outer col-
umn), and PC3 (clay bed surface) were directly used in the
interpretation of the load carrying mechanism for the composite
material.
Results and Discussion
Performance of Isolated Footing Supported on Single
Granular Column
In the present investigation, the footings were not loaded to ulti-
mate capacity; instead, the loading tests were terminated at a foot-
ing vertical displacement of approximately 10 mm. Fig. 8 shows
the results of two identical loading tests performed on unreinforced
(a) (b)
Fig. 7. Column installation (displacement method): (a) penetrating
poker into clay; (b) installation of column
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Fig. 8. Test TS07: bearing pressure, contact pressure, and settlement
responses for unreinforced clay bed: (a) bearing pressure–footing set-
tlement (two repeat tests); (b) bearing pressure–settlement (away from
footing) TP07; (c) contact pressure–footing settlement TP07
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clay beds. The observed performances are consistent, proving the
quality of sampling and setup procedures. To evaluate the effective-
ness of the different granular column configurations, the allowable
(design) bearing pressure on the footing was compared against that
mobilized for the unreinforced clay bed corresponding to a settle-
ment of 3.5 mm, i.e., equivalent to 5% of the footing diameter. This
is a widely used approach in interpreting field plate-loading test
data. On this basis, the design bearing pressure for the experimental
footing was determined to be 175 kPa [Fig. 8(a)].
Unreinforced Sample (TS07)
Fig. 8(a) shows the bearing pressure–settlement response of the
70 mm diameter footing supported on an unreinforced clay bed.
A bearing pressure (average pressure acting on the base of the foot-
ing) of 290 kPa was mobilized on terminating the loading test at a
footing displacement of 10 mm. At this displacement and a radial
distance of 20 mm from the footing perimeter (LVDT 2, Fig. 2), the
clay bed surface had settled by approximately 0.65 mm [Fig. 8(b)].
The bearing pressure–settlement relationship was linear up to ap-
proximately 100 kPa [Fig. 8(a)]. The responses of the PCs beneath
the footing (providing the contact pressures between the footing
and the clay bed surface) were also similar [Fig. 9(c)]. Throughout
the foundation loading, the increase in contact pressure beneath the
center of the footing (PC1) remained slightly lower than that mo-
bilized at a radial distance of 22.5 mm (PC2). The apparent yield,
exhibiting change in the load-settlement curve, occurred at a bear-
ing pressure of 100 kPa [Fig. 8(a)], which corresponds to an overall
effective vertical pressure beneath the footing of 150 kPa, i.e., in-
cluding the 50 kPa of effective confining pressure on the sample,
continued from the first stage of the test (initial consolidation with-
out foundation loading). This value (i.e., 150 kPa) corresponds
well with the maximum vertical stress applied to the sample (clay
bed) during its formation in the consolidation chamber. At the
design bearing pressure of 175 kPa, the footing displacement
was 3.5 mm and the surrounding clay bed surface (LVDT 2)
had settled by approximately 0.25 mm [Fig. 8(b)]. Conceptually,
heave of the clay bed surface surrounding the footing may have
been expected to occur. However, since the loading condition
was fully drained, the surrounding clay also consolidated somewhat
owing to the changes in stresses, particularly in response to changes
in lateral stress caused by the foundation loading.
Reinforced Sample TS08 (L=D  5, Short Column)
For this footing supported on a clay bed incorporating a single short
floating column, the bearing pressure of the footing mobilized at
10 mm of footing displacement was 350 kPa [Fig. 9(a)], compared
with 290 kPa mobilized for the unreinforced clay bed. A slightly
larger settlement of approximately 1.3 mm was recorded by LVDT
2 for the clay bed surface at 20 mm radial distance from the footing
[Fig. 9(b)]. The change in contact pressures developed between the
footing and column (PC1) and the footing and surrounding clay
(PC2) are shown in Fig. 9(c). It appears that the contact pressure
between the footing and the clay surrounding the column was sig-
nificantly greater than that developed between the footing and col-
umn. The change in contact pressure between the footing and the
clay initially increased to 170 kPa and then slowly increased to
400 kPa for footing displacements of 2 and 10 mm, respectively.
The footing displacement under the design bearing pressure of
175 kPa was 3.4 mm. This is not significantly different from
the observations made with respect to the unreinforced clay bed
for the same design bearing pressure. However, the corresponding
settlement of 0.8 mm for the surrounding clay was somewhat
greater than that observed for the unreinforced clay bed, and this
difference in response can be largely attributed to the load-carrying
mechanism between the column and surrounding clay. This aspect
will be explored in greater detail subsequently in this article.
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Fig. 9. Test TP08: bearing pressure, contact pressure, and settlement
responses for reinforced clay bed, single column, 40 mm ϕ and 200 mm
long: (a) bearing pressure–footing settlement; (b) bearing pressure–
settlement (away from footing); (c) contact pressure–footing settlement
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Reinforced Sample TS09 (L=D  7.5, Long Column)
For rigid piles, the zone of influence is in the region of twice the
pile diameter (D). In the present case, the column length was
300 mm, so that the thickness of the clay bed beneath the column
toe was 100 mm (i.e., approximately 2.5D), which is considered
sufficient to avoid any boundary effects from the rigid base at
the bottom of the clay bed, given that the column is flexible in
nature. The bearing pressure of the footing mobilized at 10 mm
of footing displacement increased to 375 kPa [Fig. 10(a)], with ap-
proximately 0.5 mm settlement of the clay bed surface recorded by
LVDT 2 [Fig. 10(b)]. The change in contact pressure between the
footing and column [PC1, Fig. 10(c)] increased at a slow rate ini-
tially, but after 1.0 mm of footing displacement, the rate of increase
was significant, with the contact pressure reaching approximately
450 kPa for a footing displacement of 5 mm. Further loading of the
footing produced only minor increases in the footing–column con-
tact pressure. However, for the clay beneath the footing, the change
in contact pressure increased to 170 kPa for 1.6 mm of footing dis-
placement, similar to that observed between the footing and column
at the same footing displacement. Although further increases in
loading on the footing produced an increase in pressure on the sur-
rounding clay, its magnitude was less than that acting on the col-
umn [Fig. 10(c)]. At the design bearing pressure of 175 kPa, the
footing displacement was 1.7 mm and the corresponding settlement
of the clay bed surface at 20 mm radial distance from the footing
was 0.16 mm.
Reinforced Sample TS10 (L=D  10, End-Bearing
Column)
For this footing supported on a clay bed incorporating a single end-
bearing column, the bearing pressure of the footing mobilized at
10 mm of footing displacement increased to 315 kPa [Fig. 11(a)],
with 0.56 mm settlement of the clay bed surface occurring at a
20 mm radial distance from the footing [Fig. 11(b)]. The change
in contact pressure between the footing and column had steadily in-
creased to 685 kPa by the termination of testing [Fig. 11(c)]. In con-
trast, for the clay beneath the footing, an increase in contact pressure
of approximately 130 kPa occurred for a footing displacement
of 2 mm, with further loading producing a slight reduction in con-
tact pressure to approximately 100 kPa. At the design bearing pres-
sure of 175 kPa, the footing displacement was 2.4 mm and the
corresponding settlement of the clay bed surface recorded by
LVDT 2 was 0.56 mm.
Based on the foregoing observations and an assessment of the
design bearing pressures corresponding to a settlement of 5% of the
footing diameter, it appears that the settlement-reduction factor n
(where n is the ratio of the settlement of the footing supported on an
unreinforced clay bed to that for a reinforced clay bed) is affected
by the column L/D ratio. For As ¼ 33% considered in the present
investigations, the short floating column produced virtually no im-
provement, with n ¼ 1.03. This is also reflected in the load-sharing
characteristics, defined by α ¼ σg=σc (where σg and σc are the con-
tact pressure on the granular column and clay bed surface respec-
tively), with the load-sharing mechanism not significantly affected
by the presence of the short column. For the longer column
(L=D ¼ 7.5), the n value was approximately 2.1. In this case,
the surrounding clay initially mobilized slightly greater contact
pressure than the column [Fig. 10(c)], but for loading greater than
1.6 mm of footing displacement, the situation was reversed, with
the column mobilizing greater contact stress.
It may seem reasonable to expect that the clay bed incorporating
the single end-bearing column (L=D ¼ 10) would provide greater
settlement reduction than the long floating column (L=D ¼ 7.5).
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Fig. 10. Test TP09: bearing pressure, contact pressure, and settlement
responses for reinforced clay bed, single column 40 mm ϕ and 300 mm
long: (a) bearing pressure–footing settlement; (b) bearing pressure–
settlement (away from footing); (c) contact pressure–footing settlement
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However, the observations indicated otherwise, with an n value of
approximately 1.5 determined for the end-bearing column less than
that achieved for the long floating column. For the initial stage of
loading, the clay surrounding the end-bearing column mobilized
slightly greater contact pressure than the pressure at the column
head [Fig. 11(c)], but as loading on the footing continued, the col-
umn began to resist a considerable and increasing proportion of the
loading. In contrast, the pressure on the surrounding clay reached
a peak and then decreased back slightly toward a steady state between
3 and 8 mm footing settlement before a slight increase for a footing
displacement of 10 mm. To assess whether this was due to any vari-
ability in the testing conditions, repeat tests were performed for the
long floating and end-bearing columns. For a given column length,
the bearing pressure–settlement relationships for the repeat tests were
generally similar. This behavior therefore requires further elucidation.
Fig. 12 presents illustrations of an end-bearing solid pile, fric-
tion pile, end-bearing granular column, and long floating granular
column. For the solid pile, the applied footing load is resisted al-
most entirely in the end bearing, with the soil beneath the footing
and along the pile shaft interface potentially carrying a marginal
proportion of the load owing to a small axial compression of
the pile. For the friction pile, the load is largely carried by the sur-
rounding soil, with a small proportion of the footing load resisted in
the pile end bearing. This analogy may be extended to granular
columns, although the greater compressibility and deformability
of the columns must be considered. The ability to deform is largely
resisted by the strength and stiffness of the surrounding soil. Ex-
tending earlier comments on the load-carrying mechanisms for
solid piles to granular columns, it may be suggested that the soil
surrounding the long floating granular column would carry a good
proportion of the footing load when compared with the end-bearing
column. This is independently validated using the pressure mea-
surements reported in Figs. 10 and 11. The contact pressure be-
tween the footing and surrounding clay for the long floating
column continued to increase [PC2, Fig. 10(c)], whereas after in-
creasing in the early stage of foundation loading, this pressure soon
reached a steady state, with a net increase in the vertical pressure of
130 kPa, for the end-bearing column [Fig. 11(c)]. Since all of the
tests were performed under drained conditions, any increase in pres-
sure in the clay would have brought about strain hardening. There-
fore, the tendency of the granular column to deform or otherwise to
bulge (Fig. 1) ismore restricted for a long floating column than for an
end-bearing column, thereby leading to reduced settlement.
Additional remarks on the aforementioned aspect refer to the
slight reduction in contact pressure between the footing and the
clay for a footing displacement of 2 mm in the case of the end-
bearing column. Fig. 12(e) shows the stress ratio α ¼ σg=σc plotted
against footing displacement for the end-bearing and long floating
columns, where σg and σc are the footing contact stresses between
the granular column and clay bed, respectively. In both cases, the
stress ratio decreased slightly from unity at the beginning of the
loading but began to increase as the footing continued to penetrate
into the clay bed. An α less than 1 implies higher contact stress
between the footing and annular contact area with the clay bed
compared with that induced for the central granular column. This
behavior was consistently observed at the beginning of loading for
all of the single-column setups and for the unreinforced clay bed
(PC1 < PC2, Figs. 8–11), which is analogous to rigid footing on a
flexible foundation. For the end-bearing column, the stress ratio
continued to increase and reached a value of just under 5 for a foot-
ing displacement of 8 mm. However, this ratio was barely over 1.5
throughout the load testing for the long floating column. This im-
plies that bulging failure was not a threat for the long floating col-
umn; furthermore, it could be surmised that a more active bulging
mechanism developed for a footing displacement of 2 mm in the
case of the end-bearing column.
Despite the foregoing remarks on the effectiveness of long float-
ing granular columns in reducing settlement, a comparison of
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
0 50 100 150 200 250 300 350
Fo
ot
in
g 
se
ttl
em
en
t (m
m)
Bearing pressure (kPa)
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
0 50 100 150 200 250 300 350
Se
ttl
em
en
t a
wa
y 
fro
m
 fo
ot
in
g 
(m
m)
Bearing pressure (kPa)
PC1
PC2
0
1
2
3
4
5
6
7
8
9
10
0 100 200 300 400 500 600 700 800
Fo
ot
in
g 
se
ttl
em
en
t (m
m)
Contact pressure  (kPa)
(a)
(b)
(c)
Fig. 11. Test TS10: bearing pressure, contact pressure, and settlement
responses for reinforced clay bed, single column 40 mm ϕ and 400 mm
long (end bearing): (a) bearing pressure–footing settlement; (b) bearing
pressure–settlement (away from footing); (c) contact pressure–footing
settlement
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Figs. 10 and 11 indicates that the load carried by the end-bearing
column (i.e., contact stress PC1 by column cross-sectional area)
was greater than that for the floating columns. This can be ex-
plained by the progressive nature of column bulging as the loading
is applied. McKelvey (2002) investigated the interaction between
granular columns and the surrounding clay using a model study
employing transparent fumed silica to represent the surrounding
clay. A strip footing on the clay bed with three granular column
inclusions was loaded under drained conditions. Digital images
were taken at different footing displacements, with Fig. 13 showing
the outline of the middle column [extracted from digital images
taken on tests performed using transparent clay (McKelvey
2002)] for foundation displacements of 0, 18.3, and 37 mm. It
is clear that the extent of the bulging zone propagates downward
as the footing penetrates into the clay bed. Bulging develops ini-
tially next to the top of the granular column, but as the surrounding
soil mobilizes its resistance, the bulging propagates downward
where the available strength has not been fully mobilized. This
was further evaluated in a recent study by Sivakumar et al.
(2011), in which miniature PCs were incorporated at discrete points
along the column length in order to evaluate the pressure distribu-
tion during foundation loading. Fig. 14 illustrates the evolution of
vertical pressure in the column as the foundation was subjected to
loading in a ramped fashion. For example, a significant increase in
the vertical column pressure at 200 mm depth only occurred for
footing displacements of at least 16 mm. However, it should be
noted that a floating granular column may fail on end bearing if
the available shaft friction has been fully mobilized along most
of its length. Sivakumar et al. (2011) suggested that the observed
pressure at the base of the column during the foundation loading
was largely due to negative skin friction between the column and
the surrounding clay.
Effect of Column Installation Method
The preceding sections highlighted and evaluated the effectiveness
of granular columns of various lengths in reducing the settlement of
Strong  stratum
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Fig. 12. Solid and granular pile failure mechanism and stress ratio for end-bearing and floating granular columns: (a) end-bearing pile; (b) friction
pile; (c) end-bearing granular column; (d) long floating granular column; (e) stress ratio for end-bearing and floating column
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an isolated footing founded on a clay bed. In these studies, the
model columns were installed using a replacement method not
often adopted in practice. To examine the influence of the instal-
lation method, an additional footing load test was performed on a
clay bed incorporating a 40 mm diameter end-bearing column in-
stalled by the displacement method described earlier in this paper.
Fig. 15(a) compares the bearing pressure–settlement responses
for the replacement and displacement installation methods. As
expected, the latter produced a stiffer foundation response and
reduced settlements overall under the same applied loading,
although, curiously, it also had a significantly lower pseudo yield
point, possibly caused by installation disturbance. Compared with a
bearing pressure of 315 kPa mobilized at 10 mm displacement for
the column installed by the replacement method, the bearing pres-
sure on the footing with the column installed by the displacement
method was consistently greater, mobilizing 330 kPa for approx-
imately 8 mm of footing displacement. For the column installed by
the replacement method, the contact pressure between the footing
and surrounding clay reached a steady state after a footing displace-
ment of 3 mm [TS10 (PC2), Fig. 15(b)]. However, for the column
installed by the displacement method, up to approximately double
the contact pressure appeared to develop between the footing and
surrounding clay [TS12 (PC2)], which in principle should aid the
settlement performance, as discussed earlier in this paper. Based on
the criterion adopted for evaluating settlement, the design bearing
pressure for a footing of 175 kPa would correspond to a footing
penetration of 2.2 mm, a marginal improvement over the column
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Footing displacement = 18.3mm
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Fig. 13. Progressive bulging of long floating column (reprinted from
McKelvey 2002, with permission)
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Fig. 14. Vertical pressure mobilized along column during foundation
loading (reprinted from Sivakumar et al. 2011, with permission)
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Fig. 15. Performance of clay beds reinforced by single 40 mm dia-
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and replacement (TS10) methods: (a) bearing pressure–footing settle-
ment; (b) contact pressure on clay and column (replacement and dis-
placement methods)
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installed by the replacement method, which resulted in 2.4 mm of
settlement under the same bearing pressure.
Effect of Multiple Columns
In practice, granular columns are usually installed in groups, for
example, three to five granular columns are installed under strip
or pad foundations, while arrays of granular columns are installed
under raft foundations. The group effect for granular columns has
not been well researched, but the study reported by Black et al.
(2011) suggested that the effectiveness of granular columns in con-
taining settlement is reduced for column group formations, espe-
cially for floating columns. This aspect was examined further in
the present investigation using the improved testing chamber
(i.e., with the flexible clay bed surface boundary condition).
Fig. 16 shows the bearing pressure–settlement relationships for
a footing supported on a clay bed reinforced by a group of five
granular columns having lengths of 200, 300, and 400 mm. Also
included are the relationships for a footing supported on an unrein-
forced clay bed and a clay bed reinforced by a single 40 mm diam-
eter end-bearing column having the same area replacement ratio as
the column groups. For the column groups, the bearing pressure–
settlement relationships are reasonably linear for the early stages of
loading, but a remarkable change in the response occurred as load-
ing continued. The long floating and end-bearing column groups
[TS13 and TS14, Fig. 16] had similar initial stiffness responses,
marginally greater than those for the unreinforced clay bed, single
end-bearing column, and short floating column groups (TS07,
TS10, and TS15). Overall, post yield, the stiffness responses of
the short, long, and end-bearing column groups were similar,
slightly lower than that of the unreinforced clay bed, and below
that of the single end-bearing column. Based on the criterion
adopted for evaluating settlement (i.e., design bearing pressure
for the 175 kPa footing), compared with the footing displacement
of 3.5 mm for the unreinforced clay bed, some improvement was
achieved for end-bearing single and multiple columns, which per-
formed similarly (footing penetrations of 2.4 and 2.3 mm, respec-
tively). No improvement was achieved for the floating column
groups. In fact, enhanced settlement occurred, with footing pene-
trations of approximately 6.7 mm recorded for the short and long
column groups at a footing pressure of 175 kPa. However, the au-
thors accept that the long floating and end-bearing column groups
(TS14 and TS13, respectively, in Fig. 16) performed marginally
better than the single end-bearing column for bearing pressures
of less than approximately 80 and 175 kPa, respectively, with a
noticeable settlement reduction achieved compared with the unrein-
forced clay bed (TS07).
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Fig. 16. Bearing pressure–settlement relationships for unreinforced
clay bed and clay beds reinforced by a single end-bearing column
and column groups (floating and end bearing)
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Fig. 17. Contact pressure between column and footing and clay and
footing: (a) footing settlement against pressure on middle column;
(b) footing settlement against pressure on clay; (c) footing settlement
against pressure on clay
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Fig. 17 shows the change in contact pressure acting between the
footing and clay-bed surface and the footing and middle and outer
columns [refer to Fig. 4(b) for PC arrangement]. The observations
show clearly that the load-carrying mechanism for the column
group is complex. For the short and long floating column groups
and the end-bearing group of columns, the contact pressures acting
between the footing and the clay were lower than that for the un-
reinforced clay bed [Figs. 8(c) and 17(c)]. For the group of short
floating columns [TS15, Figs. 17(a and b)], when compared with an
outer column, the middle column carried a higher proportion of the
load. This would tend to suggest that the five 200 mm long columns
were not effectively behaving as a group, with the composite clay–
column behavior in terms of stress distribution between the col-
umns similar to that mobilized for an unreinforced clay bed.
The middle column might experience greater lateral confinement
than that provided by the outer four columns. For the end-bearing
column group, the load carried by the middle column was signifi-
cantly lower than that of an outer column, consistent with group
behavior [TS13, Figs. 17(a and b)].
For the group of long floating columns, the contact stress
for the outer columns was consistently greater than that for the
middle column at low to moderate footing settlement [TS14,
Figs. 17(a and b)] but approached a similar contact stress of approx-
imately 400 kPa when the footing penetrated further into the clay
bed. Similar behavior was reported by Kirsch (2004) from main-
tained load testing of a 3 m square footing supported by a group of
five long columns (As ¼ 28%, with each column 0.8 m in diameter
and 8 m long) arranged in the same geometrical layout as in the
present study. The columns were formed in an 11 m deep soft clay
deposit having undrained shear strength of approximately 15 kPa.
In this full-scale load test, the load resisted by each outer column
was consistently approximately 30% greater than that resisted by
the middle column, consistent with the observations from the
present laboratory study.
Discussion
The foregoing observations, including those regarding settlement
performance and load-carrying mechanisms, are complex and re-
quire further explanation. As a prelude to this, the authors postulate
two specific issues that may have contributed to the observed
performance:
1. For the unreinforced clay bed, the sample had been prepared
from slurry under 150 kPa of vertical pressure applied in the
consolidation chamber [Fig. 5(a)]. Following sample extrusion
and column installation [Figs. 5(b) and 7], the samples were
saturated in the testing chamber to ensure no air cavities re-
mained in the newly formed granular columns. In this case,
the saturation process led to a situation where the confining
pressure in the testing chamber was 300 kPa and the applied
back pressure was approximately 280 kPa, generating an iso-
tropic effective confining pressure of approximately 20 kPa.
This process could have significantly reduced the strength
of the clay surrounding the columns, but it was anticipated that
this clay might regain some of its strength (similar to that of
the unreinforced clay bed) when these reinforced samples
were subsequently reconsolidated to an effective confining
stress of 50 kPa. However, owing to arching effects, it is pos-
sible that the clay surrounding the middle column [Fig. 4(b)]
may not have gained strength similar to that of the clay sur-
rounding the outer columns (or clay surrounding the single
column or unreinforced clay bed). This is perceived as a po-
tential problem because of the way the tests were performed.
Similar issues can also arise in full-scale applications, where
intense vibration of the poker generates significant amounts of
excess pore water pressure and, consequently, weakening of
the soil. There is no valuable evidence in the literature to sug-
gest that these materials regain their strength in the long term,
apart from Watts et al. (2000), who reported that the perfor-
mance of a footing supported on reinforced ground was less
than that of an unreinforced clay bed; and
2. Scale effects in relation to the column diameter and particle
size distribution of the granular material (uniformly graded
fine gravel) may have also added further complexity to the ob-
served performance. For the single columns and groups of five
columns, the ratios of column diameter to effective grain size,
D50, were 7.2 and 16, respectively.
The short and long floating column groups (TS14 and TS15,
Fig. 16) performed almost identically, suggesting a common failure
mechanism may have prevailed for these cases, compared with the
end-bearing column group (TS13), which performed significantly
better. Possible failure mechanisms that may occur during founda-
tion loading were illustrated in Fig. 1. Since the L=D ratios of indi-
vidual columns in the column groups investigated were greater than
7 [suggested a threshold value below which punching-type failure
occurs (Black et al. 2011; Greenwood and Kirsch 1984], bulging
together with bending or bulging alone may have been the failure
mechanism. The following section makes an attempt to identify
these two possibilities in greater detail.
Fig. 17 is reviewed to justify the observed settlement perfor-
mance shown in Fig. 16. In the case of the end-bearing column
group, the contact pressure between the footing and the clay increased
by 60 kPa for 10mmof footing displacement [Fig. 17(c)], lower than
the increase observed for the single end-bearing column (Fig. 11).
This suggests that the clay underneath the footing imposes less re-
striction on the bulging of the middle column for the column group.
Comparedwith the clay surrounding the outer columns, the possibil-
ity of softer clay existing around the middle column on account of
arching effects developed during reconsolidation of the reinforced
clay bed (under an effective confining stress of 50 kPa in the testing
chamber) may also have provided less restriction to the bulging of
the middle column. This also correlates with the significantly lower
contact pressure recorded between the footing and the middle col-
umn compared with the outer columns [Figs. 17(a and b)]. The au-
thors postulate that these scenarios may lead to a situation where the
outer columns more easily bend outward as well as bulge [as illus-
trated in Figs. 1(c and e)] since punching failure [Figs. 1(a and d)] is
not possible for long columns. The effect of progressive bending
failure may be a reduction in contact pressure between the footing
and the outer columns [evident from plot TS13 in Fig. 17(b)], where,
after reaching a peak value at approximately 6 mm of footing dis-
placement, this contact pressure begins to decrease upon further
footing penetration. The same failure mechanism may have pre-
vailed for the long floating column group [TS14, Fig. 17(b)].
For the short floating column group (with L=D > 7 indicating
that failure in end bearing could not occur), the contact pressure
between the footing and clay is greater than that for the end-bearing
column group [TS15 and TS13, respectively, in Fig. 17(b)] during
the early stages of loading. This enhanced pressure in the clay may
have subdued the tendency toward bulging, leaving the column
group to undergo bulging in a more subtle and symmetrical fashion.
The preceding sections highlighted some possible explanations
for the responses of clay beds incorporating single and multiple
granular columns. Other factors may have also influenced the
observed behavior, for example, negative skin friction, a well-
recognized phenomenon for rigid piles. Sivakumar et al. (2011)
examined this aspect for granular columns and presented strong
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evidence to support the occurrence of negative skin friction in
granular columns. In their investigation, a clay bed incorporating
a single 60 mm diameter end-bearing column was subjected
to isotropic compression under an effective confining stress of
50 kPa. Since the clay compressed more than the granular column
(i.e., without any applied foundation loading), as consolidation pro-
gressed, the vertical stress in the column gradually increased. Such
compression may also prevail under foundation loading.
Summary and Conclusions
Some carefully controlled laboratory investigations into the
settlement performance of footings supported on soft clay beds
reinforced with granular columns were presented. End-bearing col-
umns and floating columns of different lengths were installed as
single and group formations using the replacement and displace-
ment methods. Foundation loading was applied in a ramped fashion
and at a sufficiently slow rate to ensure that fully drained conditions
prevailed. The key observations from this investigation are as
follows:
• For single 40 mm diameter column installations, the short float-
ing column (L=D ¼ 5) produced no significant settlement re-
duction (n ¼ 1.03), whereas longer floating (L=D ¼ 7.5) and
end-bearing (L=D ¼ 10) columns achieved n values of approxi-
mately 2.1 and 1.5, respectively, where n is the settlement-
reduction factor. The ability of these granular columns to provide
resistance to settlement was largely due to the lateral restraint pro-
vided by the surrounding clay. An argument was presented for
enhanced lateral confinement pressure acting on the long floating
column (independently verified from pressure measurements
in the clay) compared with the long end-bearing column. This is
a plausible explanation for the improvement in the settlement-
reduction factor for the long floating column.
• In practice, granular columns are usually installed using the dis-
placement method. The present investigation suggests that, com-
pared with the replacement method, the displacement method
may produce slightly greater settlement-reduction factor values.
• Clay beds incorporating floating granular column groups
generally produced lower settlement-reduction factors than a
single column having the same area replacement ratio.
• The load–settlement performance of granular columns is
affected by the occurrence of column bulging, bending, or
punching/end bearing. In group formations, bending of the
columns may have diminished performance with regard to
settlement reduction.
• The load-sharing mechanism between columns and the sur-
rounding clay is complex, particularly for column groups,
and the complexity is increased by other factors, such as nega-
tive skin friction, which was independently validated by earlier
studies performed by the authors.
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